A custom-made modular high-precision dielectric spectrometer for quantifying aginginduced molecular changes in (sub-)picofarad polymeric samples is presented. Validation and characterization of the setup's performance is obtained by quantifying the change in the dielectric response of an epoxy polymer following the exposure to thermal, hygrothermal and ultraviolet radiation stress. It is shown that the observed changes in the dielectric spectra can be resolved with a relative precision better than 5•10 -5 and are in line with previous studies employing commercial instruments on samples of higher capacitance. This setup is intended to serve as a blueprint for a sensitive and extensible (because modular) measurement tool for studying the prebreakdown dynamics in low-capacitance recessed or disc-shaped specimens as used, e.g., in high-voltage insulation testing.
INTRODUCTION
IN addition to established semiconductor-based grid technologies such as High-Voltage DC (HVDC) and Flexible AC Transmission Systems (FACTS) [1] , the concept of medium-voltage (MV) Solid-State Transformers (SSTs) has attracted much attention over the last years [2] . These transformers are promising complements to conventional lowfrequency MV transformers serving as active grid-grid, gridload or grid-source interfaces (allowing, e.g., power flow control and power factor correction) linking different voltage and/or frequency levels (including DC). Such interfaces will play an enabling role in future grids incorporating a large number of decentralized energy production and storage sites. Galvanic insulation between the MV and low voltage grid is achieved by means of a medium-frequency (MF) transformer [3] .
Recent developments in semiconductor switching technology considerably enlarge the design space for mediumvoltage power electronic converters [4] . In addition to higher single-switch blocking voltages (>10 kV), newly available silicon-carbide (SiC) based switches offer usable switching frequencies of several tens of kilohertz and commutation speeds in excess of 10 kV/μs. The latter make for reduced thermal losses inside the semiconductor during a switching transition while the former allow a volume reduction of magnetic components (e.g. the MF transformer) and thus higher converter power densities. By way of contrast, however, these developments expose medium-voltage insulation systems to electro-thermal stresses which can cause premature insulation failure if the particularities of this new stress profile are not taken into account for the insulation design [5] .
Indeed, numerous investigations have shown that PulseWidth-Modulated (PWM) voltage waveforms employed in above-mentioned converters can lead to accelerated aging of MV insulation systems [6] [7] [8] . Most of these studies have focused on systems in which a certain level of partial discharges (PD) are expected and tolerated during operation (e.g. wire insulation of induction motors). The advent of the large-scale use of variable speed drives and a subsequent dramatic increase in induction motor insulation failures [9] lead to investigations which identified the enhanced partial discharge activity under PWM voltage stress and the associated accelerated wire insulation degradation as the leading cause for these failures [10] . Further studies have identified a positive correlation between PD amplitude and frequency of occurrence as well as slew rate of the PWM voltage stress [11] . Moreover, a reduced voltage endurance of magnet wire insulation with increasing slew rate has been observed and found to be correlated with enhanced partial discharge activity [7] .
There exist, however, comparatively few studies about the effects of repetitive pulse-shape voltages on dry-type insulation systems below PD inception. Yet, information about the aging dynamics under PWM (as compared to 50 Hz sinusoidal) medium voltages in the absence of measurable PD is essential for the design of insulation systems exposed to the mentioned electro-thermal stresses found, e.g., in MF MV transformers.
The dielectric power loss density is proportional to the product of the electric field excitation frequency and the complex part of the dielectric permittivity. The increased dielectric loss under PWM voltage stress and the importance of considering the frequency and temperature dependence of the dielectric permittivity have been pointed out previously [12, 13] . In addition to being promoted to a design criterion in broadband applications, the frequency (and temperature) dependence of the complex dielectric permittivity is a promising aging marker because, although being a macroscopic quantity, it is sensitive to changes at the microscopic level as long as these occur in a significant fraction of the probed volume.
Reference [14] reports that the loss factor of oilimpregnated paper increases when exposed to rectangular pulse trains. This change is attributed to thermal aging caused by the increase in insulation temperature due to dielectric losses. No comparative data for pure thermal aging is however provided or referenced which would place this hypothesis on a quantitative basis. It is one of the aims of this investigation to provide such data for the epoxy polymer used in subsequent MV PWM stress studies.
In [15] recessed polymeric specimens are used to show that their short-term electric strength is drastically reduced (up to 90%) when stressed with MF (as compared to 50 Hz) sinusoidal voltages, and that the reduction correlates positively with the polymer's loss factor. This indicates that thermal breakdown is the main short-term failure mode under MF voltage stress for such materials below PD inception. Yet, a proper empirical basis (let alone a theoretical understanding) of the aging dynamics below PD inception of polymeric insulation exposed to MV MF voltage stress is still lacking, and reliable design criteria (besides over dimensioning) to ensure the intended long-term voltage endurance are consequently unavailable.
The present setup is intended to be used both as a highprecision offline monitoring tool as well as a flexible measurement framework in which new approaches for dielectric spectroscopy with non-sinusoidal excitations can be assessed in a controlled environment. It thus also represents a stepping stone towards an online monitoring system which uses MV PWM voltage stress as the excitation source for dielectric aging studies. Such a system would allow an in-situ observation of the pre-breakdown dynamics, and would thus draw a much richer picture of the processes leading to breakdown than a mere measurement of lifetime and/or breakdown voltage in voltage endurance and electric strength measurements, respectively.
The goal of this contribution is to demonstrate the setup's capability in detecting and tracking changes occurring at a microscopic level as a consequence of intentionally exposing polymeric samples to specific environmental stresses which are expected to lead to changes in their molecular structure and therefore, potentially, to an altered dielectric response.
These reference measurements serve as a basis for future investigations by providing figures of merit such as precision and stability in loss factor and capacitance measurements. This paper is organized as follows. After recalling the definition of the measured dielectric parameters, a detailed description of the measurement setup, the investigated polymeric samples and the imposed stress conditions is given. Then, the dielectric response of the pristine sample is presented and its microphysical origin explained. Finally, the effect of the various stresses on the dielectric response is assessed and discussed, and the precision and long-term stability of the setup quantified.
METHODS
This section covers the details regarding the theoretical background (Section 2.1), instrumentation (Section 2.2), the investigated specimens (Section 2.3) as well as the environmental stresses imposed on the latter (Section 2.4).
THEORY
When a dielectric material is exposed to an external electric field its constituent electrical charges experience a Coulomb force proportional to the local electric field strength. As a result, local dipoles are formed/oriented (bound charges) or, depending on their mobility, charge carriers can migrate over macroscopic distances ("free" charges). Although the latter phenomenon is often summarily denoted as DC conduction, it should be noted that macroscopic charge barriers (e.g. insulator-electrode interface) may exist in which case the formation of an associated macroscopic dipole in addition to actual DC conduction is observed [19] .
In the frequency domain the dynamics of the average dipole moment per unit volume can be described by the frequencyand temperature-dependent complex relative permittivity , , ,
of the material:
By including the DC conductivity of the material the total current density reads [16] , , .
From (3) it follows that if a homogeneous dielectric is placed between an electrode configuration of vacuum capacitance and excited by a sinusoidal voltage
the resulting current in the connecting wire is
where
is the magnitude of the dielectric permittivity and
the loss angle (the tangent of which is the loss factor).
The two well-known effects of dielectrics are thus apparent: a polarizable or, trivially, conductive material increases the current amplitude (as compared to vacuum), and the 90° phase lead valid for the ideal capacitance is reduced by the angle δ. The latter creates a current component in phase with the applied voltage and hence dissipation of electromagnetic energy in the dielectric occurs.
The macroscopic quantities current and voltage thus provide information about the dynamics of ensembles of dipoles present in the dielectric and can reveal physical and/or chemical changes in the polymer -provided that the latter significantly affect the dipole dynamics of an ensemble large enough to produce a measureable macroscopic effect.
INSTRUMENTATION
The schematic of the modular setup developed for the studies presented in this paper is shown in Figure 1 . Details on the individual components as well as basic benchmark measurements can be found in [17] . An arbitrary waveform generator ① generates the desired periodic excitation voltage in which is subsequently amplified by the linear amplifier ②. This input voltage is measured by one channel of the analog-to-digital converter ⑩, yielding the discrete spectral components in with ω k 2πk after applying a digital Fourier transform. A switch ③ selects either the measurement path containing the specimen ⑤ inside the three-electrode test cell ④, or the variable air capacitor ⑦, which serves as a lossless reference dielectric (ε 1) whose capacitance is automatically adjusted to make the RMS value of the current flowing through the reference capacitor equal (within <0.1 % relative deviation) to the one flowing through the investigated sample,
where the superscripts (R) and (S) refer to the reference and sample, respectively. This adjustment is done for each chosen fundamental frequency and serves to eliminate significant influences of amplifier nonlinearities near corner frequencies [17] . The resulting capacitive current is converted to a voltage by a transimpedance amplifier ⑧. Its spectral content is given by out ω . Both the input and the output voltage can be filtered ⑨ to avoid aliasing and eliminate unwanted spectral components. The setup performs automatic frequency and temperature scans according to a predefined protocol and is remote-controllable through a graphical user interface ⑪.
The dielectric spectrometer's main characteristics are given in Table 1 . It should be noted that it is optimized for precision measurements on specimens with small capacitances (0.05 pF to 20 pF) for which general-purpose broadband impedance analyzers perform poorly, if at all. Although precision and stability -rather than accuracy -are the relevant figures of merit for aging studies, the system was calibrated with a GenRad 1404-B (100 pF) air capacitor to obtain magnitude values of permittivity accurate to about 1 % (the main systematic error is the uncertainty about the exact electrodespecimen geometry). In contrast, the system's relative precision is on the order of 50 ppm for both magnitude and phase. The complex relative permittivity ε ω k is related to the measured impedance ω k by:
The impedance is determined from the measured voltages by:
where the complex β factors account for all linear transfers (amplifiers, filters, voltage divider) in the signal chain. If these transfer coefficients are assumed to be identical for the sample and reference measurements, the complex relative permittivity can be expressed in terms of measured voltages and vacuum capacitances:
N is the number of averaged values obtained from singleperiod measurements (i.e. of duration ). The error bars shown in the graphs of the result section are α=0.95 confidence intervals for the arithmetic mean constructed from Student's t coefficient and the sample standard deviation S N of the measured quantity ( , .
. Especially for low frequencies, a tradeoff between measurement time and precision has to be made. In this study, N was therefore decreased from 50 to 9 as the fundamental frequency approached the lower end of the recorded spectrum.
A further reduction in measurement time can be obtained by using multisine excitation waveforms. The harmonics / = (1,2,3,4 10 Hz, 100 Hz, 1 kHz, 10 kHz) were needed to sweep the frequency range from 0.1 Hz to 140 kHz with 35 logarithmically spaced data points. A comparative validation measurement showed very good agreement between multisine and pure sinusoidal excitations. Nonetheless, for best absolute precision the pure sine wave is slightly superior to the multisine excitation, as the reference capacitor cannot ensure condition (8) for all multisine components where the permittivity is strongly frequency-dependent.
The continuous lines are obtained by spline interpolation between the measured data points.
SAMPLES
The unfilled epoxy system CR 76.05 / CH 76.05 from bto epoxy GmbH was chosen for these investigations. It is a slowcuring, low-viscosity resin consisting of Bisphenol-AEpichlorhydrin (BPA-ECH) monomers (>70 %w) and the reactive diluents Oxirane (<15 %w) and Glycidylether (<10 %w). The latter reduce the cross-link density of the cured polymer, thus allowing the manufacturing of crack-free recessed specimens with embedded electrodes, which will be used in later studies focusing on electrical degradation under PWM medium-voltage stress. This property, rather than a specific stress-resistance profile, was the main reason for choosing this epoxy system. The cross-linking into a network polymer is obtained by reaction with a diamine hardener (Polyoxipropylenediamine). The glass transition temperature (T g ) of the cured pristine polymer was determined by Differential Scanning Calorimetry (DSC) on a 10 mg sample (Mettler Toledo DSC1 Star e ) and found to be T g,DSC =39(±1)°C. For the aging studies presented in this paper disc-shaped ⑤a rather than recessed ⑤b specimens have been used, because the diffusion of water into the probed polymer volume of the recessed specimen would take an inordinate amount of time. Additionally, its probed volume would be protected from UV radiation by the surrounding polymer volume. A (4±0.02) mm thick plate was cast and heat-cured (T max =60°C, 48 hours overall curing time). All discs used in this study were subsequently cut from the same epoxy plate in order to ensure equal initial properties. They were stored under dry vacuum (<1 mbar, 40°C) for at least two weeks prior to exposing them to the stresses described in the following subsection. The unaged spectra shown for comparison have been recorded for each pristine sample immediately before stress exposure.
Electrode contact was realized by slightly pressing the polished aluminum electrodes onto the sample with a springcontrolled force (~5 N). The measurement electrode is 20 mm in diameter (0.2 mm guard gap), resulting in a vacuum capacitance of about 0.7 pF. No surface treatment (e.g. conductive paint) was applied in order to avoid diffusive contamination of the sample during the prolonged stress exposures. The main characteristics of the investigated sample are summarized in Table 2 .
IMPOSED STRESSES
Elevated temperatures, oxidation, ultraviolet radiation and water ingress are known to have significant adverse effects on many of the useful properties which characterize polymers [18] . These stressors were thus expected to lead to significant molecular changes in the polymer structure and thus to a potentially measurable change in its dielectric response. Thermal stress was applied by placing the sample in an airfilled oven (natural convection) at atmospheric pressure for a total of 48 hours. The temperature was regulated to 125(±2)°C. and the relative humidity kept below 0.5 %. Hygrothermal stressing consisted of placing the sample into deionized water at 70(±2)°C for 72 hours. The sample was surface-dried for subsequent dielectric analysis. Finally, a mercury arc lamp (HBO 200 W/2 L1) was used to irradiate the sample disc with ultraviolet light (each side for 4.5 hours). The sample was convectively cooled during irradiation to keep the surface temperature at 55(±2)°C. The relative humidity at room temperature was 40(±5)%. An overview of the applied stress conditions is given in Table 3 . 
RESULTS AND ANALYSIS
This section presents the observed change in the dielectric response of the samples as a result of the stress conditions described in the previous section. The results obtained from the pristine sample are used to illustrate the microphysical origin of the typical polarization dynamics of amorphous polymers.
PRISTINE SAMPLE
The measured dielectric response of the unaged sample is shown in Figure 2 for several temperatures around the glass transition (T g,DSC =39°C). The distinguishable relaxations in the measured frequency band are characteristic for glass-forming materials [19] . At temperatures below the glass transition the polymer segments between crosslinks are locked in place and only local, sterically hindered orientation of permanent dipoles associated with side groups and small parts of the main chain are possible. This so-called β-relaxation is thermally activated and the corresponding loss peak thus moves to higher frequencies when the temperature increases. It thus moves out of the measured frequency window and is well distinguishable only at low temperatures between 10 kHz and 150 kHz. At the lower end of the recorded spectrum, the right wing of the loss peak of the segmental α-relaxation process enters the frequency window. It originates in movements of large segments of the polymer backbone. Its maximum enters the observed frequency range some 10°C above T g,DSC and merges with the β-relaxation peak at higher temperatures. For the investigated polymer, loss due to long-range charge migration is negligible in the glassy state but dominantly emerges in the viscoelastic state with its characteristic contribution (see equation 7). 
AGED SAMPLES

THERMAL STRESS
The thermally aged sample displayed a spectrally uniform relative decrease of the loss factor in the order of 10 to 20 % for temperatures up to the glass transition temperature of the unaged sample (see Figure 3 ). Higher temperatures reveal that the position of the loss peak associated with segmental motion is shifted horizontally to lower frequencies while its peak value remains unaffected. A horizontal shift of equal magnitude is also observed in the loss associated with longrange charge migration. The sample mass loss during the aging interval was found to be about 0.5 %. The optical appearance of the sample turned from clear to a yellowbrownish color (still fully translucent).
Another 48 hour thermal stress period lead to further changes which showed the same overall trend, but were much less pronounced as compared to the first 48 hours of thermal aging.
HYGROTHERMAL STRESS
In contrast to thermal aging, the hygrothermal stressing lead to a strong relative increase in the dielectric loss factor of the order of 50 to 100 % below the glass transition (see Figure 4) . The α-relaxation loss peak is shifted horizontally to higher frequencies while its peak value remains unaffected. An additional low-frequency relaxation process is discernable above the glass transition. It is superimposed to the strongly enhanced loss from DC conductivity and eventually becomes buried underneath the latter as the temperature is further increased.
The sample's weight gain during water immersion amounted to 1.3 %w. An additional stress period of 72 hours was observed to lead to further sample mass increase (2.3 %w) and a correspondingly even more pronounced manifestation of the changes described above. Regarding its optical appearance, a slight yellowing of the sample could be discerned.
Upon drying the sample for one week at 50°C in vacuum (1 mbar), the observed spectral changes could be largely reversed, except for the DC conduction loss, which could be reduced to some extent but remained significantly higher in comparison to the pristine sample.
UV RADIATION STRESS
As can be seen on Figure 5 , the relative changes in the sample's dielectric response were relatively small except for the lowest measured temperature(s). The magnitude and position of the α-relaxation loss peak remained virtually unchanged. 
INSTRUMENT STABILITY
Measurement precision and instrument stability are the two relevant figures of merit in aging studies. The measured time evolution of the dielectric response of a 3 mm thick disc of Polytetrafluorethylen (PTFE) for a sinusoidal excitation frequency of 1 kHz at a regulated test cell temperature of 22(±0.1)°C is shown in Figure 6 . The measured capacitance is 1.9(±0.02) pF. While there is no significant drift in the value of tanδ over the examined time interval, the magnitude of the complex permittivity changes significantly. However, relatively speaking, this magnitude drift is less than 0.05 %, and thus does not noticeably compromise the practically usable precision for long-term magnitude measurements. While phase resolution is typically of the order of 5•10 -5 rad for N=25 averaged periods and multisine excitation it can be decreased down to 10 -6 rad with pure sinusoidal excitation and N=100 averages, as used for the measurements displayed in Figure 6 .
DISCUSSION
The goal of this study was not to expand the body of knowledge explaining the aging of polymers on a molecular level, but rather to show that a broadband dielectric spectrometer can be tailored to non-standard requirements for specific research purposes by employing a modular approach. This modular approach allows reaching the specification of a desired application by a suitable choice of the individual modules. The setup presented in this study, for example, is designed to allow sensitive (offline) aging studies on (sub-) picofarad samples (various geometries including discs and recessed type). It employs a low-noise transimpedance amplifier (FEMTO ® DLPCA-200) and analog filtering in combination with a tailor-made, remote-controllable variable air reference capacitor as well as a tailor-made test cell to reach this goal.
With the developed setup the typical relaxation processes present in glass-forming materials (segmental motion, orientation of local dipoles, charge migration) could be identified in the chosen epoxy polymer. Three non-electric stresses were chosen to assess the setup's ability to quantify the polymer's response to environmental stresses which are known to induce significant structural degradation in polymers.
The observed increase in the glass transition temperature during thermal aging is in line with previous literature studies [20] and attributed to continued cross-linking reactions. Aging times beyond ~1000 hours, after which severe degradation accompanied by a loss factor increase is expected to occur [20] , have not been investigated in this study.
Similarly, the plasticizing effect of water absorbed into the polymer matrix, characterized by a decrease of the glass transition temperature and a marked increase of dielectric loss (and relaxation strength) across large parts of the frequency spectrum, is a well-documented phenomenon [21] . The additional low-frequency dispersion observed here is most likely attributable to a Maxwell-Wagner-Sillars type relaxation of the additional ionic/protonic charge carriers generated as a result of water sorption.
The small measurable change of the dielectric response following UV radiation exposure was astonishing at first, because the sample showed a similar yellowing as could be observed for the other stresses. An inspection of the aged sample's cross section revealed, however, that the yellowing occurred on a tiny fraction (<0.1 mm) of its overall thickness (4 mm). Noticeable UV degradation was thus limited to the thin, strongly absorbing surface layers of the sample. These layers constitute a negligible fraction of the probed polymer volume and thus did not noticeable change the volumeaveraged dielectric response.
The obtained usable (i.e. stability-limited) precision of about <10 -3 for the relative permittivity magnitude and <5 •10 -5 for its phase allow for very sensitive gradual tracking of insulation deterioration. Under these circumstances, the limiting factor resides more in the difficulty to provide stable and reproducible measurement conditions (e.g. temperature, ambient gas atmosphere, electrode contact) than in the intrinsic resolution of the system.
CONCLUSION
A modular dielectric spectroscopy setup for high-precision broadband measurements of the complex dielectric permittivity of samples of various practically relevant geometries with capacitance values down to a fraction of a picofarad has been developed. In this study its performance was successfully validated and characterized by measuring the change of the dielectric response of epoxy polymer discs exposed to short-term, high-intensity environmental stresses (thermal, hygrothermal, UV radiation).
The setup represents a promising tool for future investigations on the aging dynamics in polymeric highvoltage test samples, which typically have capacitance values in the picofarad range or below (e.g. needle-plane electrodes). More specifically, using the frequency and temperature dependence of the complex dielectric permittivity as an aging marker on samples exposed to puls-width-modulated mediumvoltage stress is expected to provide a richer empirical basis and therefore a more reliable quantification of the aging dynamics (and prediction of insulation lifetime) than could be obtained from voltage endurance tests alone. In this line of research, the setup also represents a stepping stone towards an online monitoring tool using pulse-width modulated medium voltages as a multi-frequency excitation for dielectric analysis.
